Oxidation of erosion products was studied by means of the Mössbauer spectroscopy and X-ray diffraction methods when the strip of stainless steel was cut with the laser. Different content of wustite and chromium doped magnetite Fe 3−x Cr x O 4 was found in the samples of erosion products depending on the place where the erosion products were collected in relation to the cutting slot. Conversion electron Mössbauer spectroscopy data showed that more magnetite was found at the surface while wustite distributes in the whole volume of particles of erosion products.
Introduction
The stainless steels are very resistant to the influence of aggressive environment. The corrosion and related phase transitions cause deterioration of structural and operational properties of steel. The resistance to corrosion depends on the properties of the surface. Knowledge of oxidation properties of stainless steel is important for its application at higher temperature. Oxidation of chromium rich steels was studied by applying different methods and oxidation conditions [1, 2] . Though stationary oxidation of ferrous materials is rather well studied, non-stationary processes taking place when stainless steel is affected by the laser are more complicated and less investigated.
Laser technologies, such as laser cutting, perforation and welding, are currently widely used in machine industry. For example, the finishing laser cutting is used in industry to produce parts of high precision and with a clean edge of the cut. Laser technologies may also be applied to the surface modification or even synthesis of new materials [3] [4] [5] . Laser methods such as ablation are used to produce nanostructural materials, among them iron or iron oxide nanoparticles [6] . The oxidation products of iron (iron oxides) produced by the laser can be applied as magnetic materials, pigments for ceramics, paints, as catalysts in chemical technology, etc.
The aim of the study is to investigate peculiarities of oxidation of stainless steel in air flow when short pulses of millisecond duration of the laser are applied to the laser cutting. The X-ray diffraction, Mössbauer spectroscopy transmission and conversion electron methods are used in the study.
Experimental methods
The strip of stainless steel of 7C27Mo2 Sandvic was cut with the laser (Fig. 1) . The steel contained 0.38% of carbon, 13.5% of chromium, and 1.0% of molybdenum. The erosion products, which are produced by cutting when steel melts and is blown from the cutting slot as well as oxidizes during these processes, were collected to make the samples for the X-ray and Mössbauer studies. The samples were made from the material collected in different places. The sample S-7 consisted of erosion products removed from the lower edge of the cutting slot (place 5 in Fig. 1 ). The material (place 6 in Fig. 1 ) of the sample S-6 was repeatedly affected (heated) by the laser beam which was out of focus in place 6. The sample S-4 was made from the material collected in the filter of the air pump at a distance of 1.5 m. Other samples S-2, S-3, and S-5 were collected at a short distance (15-20 mm) in the direction of direct air flow (place 7 in Fig. 1 ). The Nd:YAG laser was applied to cut a steel strip. The duration and frequency of laser pulses, and the average power of the laser were 2 ms, 150 Hz and 160 W, respectively. The laser beam was focused to the spot of the diameter of 0.18-0.2 mm (assuming it to be equal to the width of the cutting slot). The laser cutting velocity of a steel strip was up to 7 × 10 −3 m/s. The air flow was directed to the cutting point by the nozzle. The air pressure in front of the nozzle was 4 bar. During the laser cutting the air flow removes most of the melt from the cutting slot. The air flow is required for the optimization of laser cutting. The melt drops break away from the cutting slot and move with air flow in different directions. Under optimal conditions of the laser power and air flow only a little amount of drops, mainly of "bubble" form, remains on the lower edge of the cutting slot.
For X-ray diffraction studies a DRON-3 diffractometer with Cu K α line of the wavelength λ = 0.1543 nm was used.
The Mössbauer spectra were registered applying a transmission geometry, except two spectra which were recorded using conversion electron Mössbauer spectroscopy. The 57 Co(Rh) source was used. Conversion electron Mössbauer spectra allowed investigating the surface of the samples approximately to 100 nm depth.
Different subspectra were fitted to Mössbauer spectra taking into consideration the contributions of iron oxides, Fe(Cr) solid solution and σ-FeCr phase. Singlets and doublet were used to describe paramagnetic compounds while sextets were applied to take into consideration the contributions of ferromagnetic ones. For magnetite Fe 3 O 4 two sextets with hyperfine fields of ≈ 46 and ≈ 49.3 T were used, while the contribution of hematite was described by sextet with the hyperfine field of 51.9 T. For wustite FeO two subspectra -singlet with the isomer shift δ = 0.3-0.6 mm s −1 relatively to α-Fe, as well as doublet with δ = 0.9-1.1 mm s −1 and quadrupole splitting ∆ = 0.7-0.9 mm s −1 -were used. The paramagnetic σ-FeCr phase is usually described by singlets or doublets having isomer shifts which are negative relatively to α-Fe [7, 8] . Due to poor resolution (small σ-FeCr content) only one singlet with δ from −0.11 to −0.08 mm s −1 in this study was used to determine the content of this phase.
For Fe(Cr) solid solutions up to four sextets were used for the Mössbauer spectra description. The sextets having a different hyperfine field correspond to different distribution of Cr atoms in the first two coordination spheres of an iron atom. One Cr atom in the first and second coordination spheres causes reduction in the hyperfine field by ≈ 3.15 T and ≈ 2.25 T, respectively [9] . The probability of an iron atom to have m Cr atoms in the first coordination sphere and n Cr atoms in the second one is described by the binomial law
where c is the percentage of impurity (chromium) atoms in the Fe(Cr) solid solution. Therefore, the percentage c can be evaluated on the basis of probability P (0, 0):
(2) P (0, 0), which is the probability of iron atom to have no Cr atoms in the first two coordination spheres, is evaluated by determining the relative area of corresponding sextet.
Experimental results
X-ray diffraction patterns of steel and the erosion products are shown in Fig. 2 . The qualitative X-ray peaks were not observed for the sample consisting of the erosion products, except one peak at 2θ ≈ 44
• angle. The peak can be composed of the relatively intensive diffraction peak of α-Fe phase and less intense peaks of oxides FeO, Fe 3 O 4 and σ-FeCr phase. In addition, the peak at 2θ ≈ 36
• angle arises due to the contribution of oxides FeO and Fe 3 O 4 . The Mössbauer spectrum of non-affected steel is shown in Fig. 3a . The amount of paramagnetic phases is small. The magnetically split area of spectrum is caused by α-Fe(Cr) solid solution. According to Eq. (2) the percentage of impurity atoms in solid solution is found to be 11 ± 3 at.%.
The changes in the phase structure of samples influenced by laser radiation are reflected in the Mössbauer spectra (Fig. 3) . According to their analysis the relative areas of subspectra which are attributed to the phases Fe(Cr), α-Fe 2 O 3 , Fe 3 O 4 , FeO, σ-FeCr are found (Table I). As the area of the Mössbauer spectrum is proportional to the number of iron atoms and the probability of the Mössbauer effect of the phase, the data in Table I show contents of iron in the phases if the difference in the probability is neglected. However, for α-Fe and iron oxides, the probability may differ approximately by up to 10% [10] .
Some samples have a small amount of oxides, mainly in the form of FeO. These samples consist of erosion products collected at a short distance in the direction of air flow. In the slightly oxidized samples, the amount of iron in σ-phase increased up to 12%. The percentage of impurities (chromium) in the Fe(Cr) solid solution decreased to 5 at.%.
The material of samples having a large amount of oxides was collected in different places. The sample S-6 was collected at the edge (place 6 in Fig. 1) , where the erosion products were repeatedly affected by the laser beam which was out of focus at such a distance. It has the largest amount of FeO. The sample S-7 consisted of erosion products swept from the lower edge of the cutting slot. This sample had a large amount of magnetite. During laser cutting the part of the melt which was blown from cutting slot by the air flow remained on the lower edge of the slot in the form of small drops. When optimal power of the laser and gas flow conditions are chosen, these drops oxidize and can be easily removed. The erosion products which had the largest amount of oxides were collected in the filter of the pump at a distance of 1.5 m (S-4).
TABLE I
Phase distribution of iron of samples. P (0, 0) -relative amount of iron atoms having no Cr atoms in iron first two coordination spheres, c Cr -the percentage of chromium in the Fe(Cr) solid solution.
b annealed sample; c conversion electron spectrum
The thermal effect of laser irradiation on the steel surface can be evaluated by numerically solving the heat equation. The simulation provides temperature at the surface and below it, as shown in Fig. 4 . For simplicity, the thermodynamic parameters for pure iron are taken. It is evident that the ability of the laser cutting depends on achieved temperature and the quantity of laser pulses which irradiate the cutting place. The velocity of movement of the laser beam v = 7 × 10 −3 m/s, the effective diameter of the laser beam d = 0.2 mm and the absorption efficiency of the laser power of 0.23 are taken for the simulation. The maximum temperature of the surface of steel during laser irradiation depends on the laser beam focusing but it could not be higher than the boiling point. subspectra (A, B) . To determine the thermal stability of phases in the sample which had the largest amount of wustite, it was annealed. At first, the sample was annealed for an hour at temperature of 570 K, but no considerable changes in the phase composition were observed. Then the temperature was raised to 800 K and the sample was annealed for 1.5 h. The only half of the amount of wustite remained after last annealing. The contribution of σ-FeCr phase fully vanished. The amount of magnetic oxide phases increased approximately twice. If initially only magnetite was found after annealing the contribution of hematite was also determined.
To compare the phase composition of the whole volume of the sample and that on the surface, two samples -the sample S-6 before annealing and slightly oxidized sample S-5 -were measured using the conversion electron Mössbauer spectroscopy (Fig. 5) . It was determined that on the surface the amount of initial Fe(Cr) solid solution was lower and the relative amount of magnetite was higher. 
Discussion
The transmission and conversion electron Mössbauer spectra of the same sample (S-5, S-6) allowed us to compare the composition at the surface and in the bulk. The relative content of magnetite was much larger at the surface, while the content of wustite was approximately the same (Table I) . Wustite forms at high temperature during laser processing. The melt may oxidize to Fe 3 O 4 when it quenches after the laser pulse, but after a sequence of laser pulses previously formed iron oxides may decompose. The melted mass of steel intensively mixes because of surface tensions [11] . The air flow when it removes the melt from the cutting slot also helps to bury formed wustite inside the bulk. Magnetite may form later, when hot erosion products are in the air flow and in the place where they were collected. Therefore, a larger amount of magnetite was found on the surface. When the melt cools down, it is possible that wustite decomposes according to the equation 4FeO ⇒ Fe 3 O 4 + α-Fe, for example, when the defocused laser beam heats up the material many times as in case of sample S-6. However, a similar content of wustite at the surface and in the whole volume of the samples indicates that its content may not change during cooling down. In addition, in other samples, magnetite was not found, though wustite was observed. Therefore, the increase in the magnetite content at the surface can be explained only by additional oxidation of Fe(Cr) which occurs after the formation of drops and removal of erosion products from the cutting slot. The decay of wustite was clearly observed only when the sample S-6 was annealed at temperature of 800 K much longer than the duration of the laser irradiation. As a consequence, the Fe(Cr) content increased.
It is evident that the additional heating with the defocused laser beam enhances the formation of magnetite in the sample S-6. The size of drops of erosion products is also important. In the filter of the pump only very small particles, of which the sample S-4 was made, were collected. The sample was mainly composed of magnetite. The decrease in the hyperfine field of magnetite A sublattice by ≈ 1% (Table II) is observed, which may show the influence of superparamagnetic relaxation arising due to nanometric sizes of particles. However, for magnetite B subblattice, the hyperfine field decreased even more (≈ 3%). As in the case of steel where chromium atoms influence the hyperfine field of iron, the observed decrease in the hyperfine field for both sublattices of magnetite can be explained by the substitution of iron atoms by chromium ones in B sublattice [12] .
Presence of chromium is an important factor influencing the oxidation of stainless steel because the compounds such as Cr 2 O 3 and Fe 3−x Cr x O 4 may form [1, 2] , though only iron containing oxides are determined by means of the Mössbauer spectroscopy. As it is shown in Table I Chromium atoms occupy sites in B sublattice of magnetite. The corresponding Mössbauer subspectrum is broadened because of the distribution of the hyperfine field B B which decreases if chromium atoms are between nearest neighbors of an iron atom. The increase in the line width is observed for our samples (Table II) because only one sextet is applied to B sublattice. In much more complicated description [12] the area of Mössbauer spectrum attributed to B sublattice is divided to the areas of up to six sextets having different hf field and relative intensity. It is assumed that Cr atoms distribute randomly and one Cr atom in the neighborhood of iron atom causes a decrease of 1.1-1.7 T in the hyperfine field.
For magnetite subspectra of our samples the line width corresponding to B sublattice is in most cases more than twice broader than for the bulk magnetite (Aldrich). The exception is the annealed sample S-6. Because of the annealing the line width decreases. The decrease can be explained that magnetite has less chromium taking into consideration the influence of chromium on broadening of line width. It was also found that the chromium percentage in Fe(Cr) solution also decreased (Table I) . Therefore, most probably chromium forms separate oxide phase Cr 2 O 3 because of annealing. When annealing at above 800
• C, the layer of chromium oxide is usually found on the top of the surface of steel. At lower temperature iron oxides are also found [2] . Chromium rich steel 7C27Mo2 Sandvic is mainly composed of Fe(Cr) solid solution (Table I) , which is metastable at room temperature according to Fe-Cr phase diagram. Aging or annealing of metastable iron-chromium alloys causes the decomposition to Fe-rich and Cr-rich phases by spinodal decomposition or nucleation and growth on nanoscale (≈ 5 nm) [13, 14] . Admittedly, at elevated temperatures the diffusion of chromium is faster. For the diffusion coefficient of chromium at temperatures achieved by the laser (at T = 2000-3000 K diffusion coefficient is D ≈ 6 × 10 −12 -−3 × 10 −9 m 2 s −1 ) and the 2 ms laser pulse duration, the diffusion length of ≈ 100 nm-3 µm is sufficiently large to form separate σ-FeCr and chromium oxide phases on the surface of the grains. The formation of the Cr oxide layer on the surface can prevent the oxidation of iron in the bulk.
Conclusions
Depending on conditions of the laser cutting and the place where the erosion products were collected, 13-80% of iron of the samples was in oxide phases. Among them the contents in wustite FeO and magnetite Fe 3 O 4 were 7-33% and 0-73%, respectively. The largest amount of wustite was found when the material was heated (annealed) many times with the defocused laser beam. The largest amount of magnetite was observed in dispersive nanocrystalline erosion products collected in the filter of the air pump. On the contrary, erosion products made of large drops collected just below the cutting slot contained only a small amount of wustite. Conversion electron Mössbauer spectra have shown that the surface of samples is more oxidized and contains a larger amount of magnetite. According to the Mössbauer spectroscopy some iron atoms in B sublattice of magnetite were replaced by chromium atoms, and the formation of mixed spinel Fe 3−x Cr x O 4 was observed. On the contrary, hematite Fe 2 O 3 as well as mixed with eskolaite Cr 2 O 3 were not observed, except the sample annealed at 800 K.
